ABSTRACT The sodium conductance of the membrane of the giant axon of squid was isolated by the use of potassium-free solutions and voltage-clamped with pulses containing three levels of depolarization. 
INTRODUCTION
Voltage-clamp of excitable membranes has been primarily concerned with the measurement of the relaxation of conductance changes following steps in membrane potential (Hodgkin and Huxley, 1952) . Because these conductance changes are observed to occur on a time scale of milliseconds (plus or minus an order of magnitude), it has been generally assumed that the conductance varies by only a negligible amount during the time necessary to generate the command voltage change on the scale of I ,us. We report here the observation that the sodium conductance of the squid axon membrane appears to undergo a "step" change during certain voltage-steps that are commanded after a period of depolarization. The rapid conductance change itself is similar to the conductance change that occurs in the presence of certain blocking ions (e.g., Ca++ for the sodium channel, Taylor et al., 1976, or Cs' for the potassium channel, Adelman and French, 1978) when the voltage is changed. However, its strong dependence on the voltage history is characteristically distinct from the action of blocking ions. The finding appears to imply that the membrane model, consisting of a single population of Na gating or ion-flux barriers within the membrane, is inadequate. Ways in which these conditions may be relaxed are presented in the discussion.
METHODS
Cleaned, single giant axons from the hindmost stellar nerve of the squid loligo pealei were perfused and superfused with K-free solutions and voltage-clamped using pulses with three voltage levels, as shown in Fig. 1 . All depolarizing pulses were followed by two hyperpolarizing pulses with the same form (apart from the overall minus sign) but of exactly half amplitude of the depolarizing pulse. The half amplitude limited all hyperpolarizations to membrane potentials greater than or equal to -140 mV. Algebraic summation of the currents from the group of three pulses eliminated all linear current components including leakage and capacitative transients. All pulses were spaced by 3 s.
Series resistance, RS, was compensated for as a voltage by means of a feedback amplifier that monitored the membrane current at the output of the current-to-voltage transducer through an impedance converter, so as not to degrade the membrane current measurement. This system was calibrated to fully compensate for the series resistances in an RC model membrane circuit. The model circuit has a variable series resistance adjustable to a set of known values. The criterion used for calibration was that the voltage across the model membrane capacitance remained constant, irrespective of the value of the parallel membrane resistance (adjustable to passive or active equivalent states). A frequently run test of the system involved setting the model R, to some unknown value and then adjusting the clamp for 100% compensation. In such cases, the value of the unknown could be determined to -1% accuracy. values is given in Binstock et al. (1975) . The values given in Binstock et al. were shown by Adelman et al. (1977) to have a basis in the anatomy of the Schwann cell layer and external connective tissue. Extension of these values to solutions with other ionic strengths is given in Fohlmeister and Adelman (1982 a) . The use of the RC model circuit also indicated that our voltage clamp system showed oscillations or instability only when the R, compensation exceeded the actual model R. value. This was true over a selected range of R, values from 0 to 10 Q cm2. Our criterion of real axon clamp stability was that the membrane current transient settled within 10 ,As for hyperpolarized voltage steps and that the sodium current was smooth and continuous at all values of step depolarizations with no sodium-current thresholds, delays, bumps, or higher-order oscillations. As the current was measured with an external plate electrode only 1 mm in length between two 5-mm grounded guard electrodes, and as the internal voltage electrode (Vi,,) was completely separated from the axial wire electrode, common errors due to axial-wire-to-Vi,,-electrode cross-talk and long external current electrode averaging were avoided. This overall system has been described by Adelman and French (1978) . The external plate electrodes were fabricated on the basis of Fig. 3 :81 and Eq. 3:1 1 in Cole (1968) and plated according to the method described by Cole and Kishimoto (1962) . The Vi,,t and the external voltage measuring electrodes were fabricated by the method of Fishman (1973) .
The following series resistances were compensated for where the solution ratios refer to millimolar external Na/millimolar internal Na: 1.6 Q cm2 for 450/450 solutions, 2.0 Q cm2 for 450/150 and 100/150 solutions, and 2.4 Q cm2 for 450/50 and 100/50 solutions (see Table I and Fig. 3 ). Temperature was maintained within +0.050C of a calibrated value of 50C. Data were acquired for eight different external solutions. These consisted of two calcium series (100, 40, 10, and 4 mM Ca++ with 450 mM and 100 mM Na+ ( Fohlmeister and Adelman, 1982 b) . The perfusate was then changed to one of the Kfree solutions (Table I ) and the open-circuit membrane potential was observed to reach or cross 0 mV within 10 s. Upon reaching 0 mV the membrane was slowly (-2 s) clamped to a holding potential of -70 mV and held for -10 min before any data acquisition, to avoid any changes associated with Na-channel slow gating. The open-circuit resting potential was occasionally monitored during the course of an experiment followed each time by a I 0-min holding period at -70 mV. Upon completion of data acquisition, the clamp circuit was opened, the axon reperfused with 300 mM K+, and the resting potential was observed to return to the range of -55 to -65 mV in all cases. However, K-channel gating did not reappear.
The depolarizing pulses consisted of steps from a holding potential of -70 to -30 mV (for times t -0, 0.4, 1.0, 2.5, 4.5, 7.0, 9.0, 12.0 ms), 0 or + 20 mV (for t = 0.3, 0.7, 1.2, 2.0 3.0, 5.0, and 7.0 ms), followed by a step to + 70 mV for 0.3 ms (Fig. 1) . Instantaneous current-voltage (I-V) data were obtained immediately following the +70 mV potential by stepping to one of a series of potentials in the range of -50 < E < + 70 mV for 0.5 ms before stepping back to the holding potential. These instantaneous I-V data served several purposes (see below and Results), among them to determine the shift in ENa as a function of t due to periaxonal space Na accumulation or depletion and other unstirred layer effects. Shifts in sodium concentration in the periaxonal space were also calculated from the equation (Fohlmeister and Adelman, 1982 b) as a consistency check on the interpretation that shifts in ENa are indeed due to unstirred layer effects.
Because this paper deals with rapid conductance changes during a voltage step, the tuning of the clamp (response to step commands) was of primary importance. We attempted to achieve a critical damping of the current trace following the capacitative transient. With some axons we were dissatisfied with the relative slowness of the step under critical damping, and in those cases we allowed a small degree of oscillation with the voltage overshoot being <5% of the step value. In this way a settling time of <10 Is was obtaincd in all cases. Examples of current transients are shown in Fig. 1 (Sigworth and Neher, 1980 Fig. 1 ). The curves a give the ordinary Na current associated with depolarizations of +20 and -30 mV as functions of t. Curves c and d decrease in magnitude towards zero current with increasing t. The classic interpretation of the decrease is that it is due to channel inactivation as a consequence of the depolarization for the time period t + 0.3 ms. In this interpretation the final 0.3 ms at +70 mV is assumed to "open" the Na-activation "gates" maximally with only a small effect on the slower inactivation "gates. " (Current records do indeed suggest that the activation has approached a new steady state at the end of the 0.3 ms pulse.) The depolarization of -30 mV. This time course may be related to the sigmoidal recovery from inactivation as previously described by Schauf (1974) and Chiu (1976 (Fig. 1) . Individual curves, corresponding to different ionic environments, are each normalized to unity at t = 0 to compare percentage differences in their time development more easily. In all cases, the current ratios increase with increasing t. The different time developments among the current ratios in Fig. 3 FIGURE 4 Current ratios, [I,/Id]N, normalized to unity at t = 0 (see Fig.   3 and text) as functions of t for the three calcium concentrations of 100
(o), 40 (E) and 4 mM (-). Data were obtained with 450 mM sodium on both membrane sides with a conditioning depolarization of 0 mV. Thus membrane current was -0 during the conditioning pulse, thereby obviating corrections due to unstirred layers (cf. Fig. 3 BIOPHYSICAL JOURNAL VOLUME 45 1984
appears also to be a function of the external Ca++concen-tration as shown in Fig. 4 . The differential effect between 4, 40, and 100 mM Ca", when combined with the corresponding curve for 10 mM Ca++ in Fig. 3 , shows a systematic calcium-dependent shift with the larger effect for higher external calcium.
Instantaneous Current-Voltage Relations
Instantaneous I-V curves were measured immediately after point c ( Fig. 1) [Ca], = 4 mM and for t = 0 and I ms (cf. Fig. 5 ). For larger t (t = 7 ms), the reversal potential is observed to shift somewhat, with the amount and direction depending on the potential of initial depolarization and the Na conce,ntrations. Further, the curves are no longer linear throughout their entire range, even when there is no shift in ENa.
The shift in ENa can be accounted for on the basis of a sodium concentration shift across the membrane as a result of the sodium current during the initial depolarization. The concentration shift in the periaxonal space was computed numerically using Eq. 1 (Methods). The calculated shift for inwardly directed currents (E = -30 mV) amounts to a reduction from 450 to -440 mM Na+ in the periaxonal space at t = 7 ms. This amount is nearly independent of the internal sodium concentration, since the current magnitudes were roughly comparable for all [Na] i. On the further assumption of a 10-mM increase at the internal membrane surface, the calculated shift in ENa is about -1.07 mV for [Na]i = 450 mM, -2.1 mV for 150 mM, and -4.9 mV for 50 mM. These estimates agree with the measured shifts of the reversal potentials. For smaller t (<7 ms) the ENa shift is correspondingly smaller. For outwardly directed currents ([Na]j = [Na]e = 450 mM and E = +20 mV) the ENa shift is positive. The resulting change in driving force accounts for the differences among the curves of Fig. 3. (b) The presence of relatively high external concentrations of calcium causes a partial blockade for inwardly directed sodium currents (cf. Taylor (c) For unsymmetrical sodium concentrations the instantaneous I-V curves deviate from linearity in the direction predicted by the constant field flux equation (Methods, Eq. 4). Indeed, the experimental curves closely follow those predicted by the "constant field flux" equation for outwardly directed, and small inwardly directed driving forces, provided t is small. Deviations due to calcium block are observed for moderate to large inwardly directed driving forces. where E-= 70 mV, E+ = -30 mV, and ENa(t) is the measured reversal potential as a function of t. Fig. 6 Conductances at +70 mV (Fig. 1, point c) and the percentage reductions in gNaQNa (see Methods, Eqs. 3 and 5, and text) following the potential step to -30 mV (Fig. 1, point d) for three values of t and four external calcium concentrations. Conditioning depolarization was -30 mV.
[Na]i = [Na]e = 450 mM. Values for the blocking parameter at -30 mV, rBI, due to calcium were computed from the data given in Fig. 7 for [Na]i = [Na], = 450 mM (see text). 
Repolarizing Transitions
Conductance steps derived from current records across potential steps from +70 mV to values >0 mV are zero to within experimental error. Current variations following the initial 15 ,us at point d are small, giving a high degree of reliability in the measurements. It is interesting to note that these voltage steps are entirely outside of the gating range of the Hodgkin-Huxley model in the sense that the steady state values of both activation (mO. -1.0) and inactivation (h, -0) are virtually voltage-independent in the region of 0 to + 70 mV.
In contrast to these negative results, repolarizing transitions to -70 mV appear to involve sizeable conductance steps. All steps are in the direction of reduced conductances. Percentage reductions in gNaQNa (Methods, Eqs. 3 and 5) for voltage steps from e to f (Fig. 1) are given in Table III . DISCUSSION A reduction in the sodium conductance following a voltage perturbation has been previously described by Schauf and Baumann (1981) in Myxicola giant axons. In those experiments the perturbation consisted of large (+ 200 mV) depolarizing pulses (on the order of 100 ,us duration) IOus in response to a certain class of voltage steps in squid axons. The conductance step response depends on the history of depolarization as shown by its dependence on the variable t (defined in Fig. 1 ). The speed limitation of the clamp leaves the actual course of the conductance transition temporally unresolved. Nevertheless the conductance shift is at least, and possibly much greater than, approximately two orders of magnitude faster than the Hodgkin Huxley model Tm( -30 mV) 0.5 ms at 50C. The conductance changes at -30 mV after the step change do subsequently relax with a time constant of -0.5 ms.
The fast (microseconds) conductance shifts appear to occur only when at least a portion of the potential range traversed in the voltage step is in the gating range. "Gating range" is defined here as those membrane potentials, E, for which dm,,/dE # 0, approximately -70 to + 20 mV.
Among the possible mechanisms that might be responsible for the phenomenon are variations on the theme of multiple populations of sodium channels, each with multiple conductance states, and each in turn conducting with different instantaneous I-V characteristics. An appealing model consists of two populations with different gating time constants and different instantaneous I-V curves. The step change in "conductance" is then explained on the basis of each population stepping along its own I-V curve during a voltage step. The dependence on time of conditioning depolarization is explained by the different rate constants for the gating of the two populations.
Another possible mechanism, unrelated to gating, is an "6anomalous" rectification of the channels. (Fig. 8) FOHLMEISTER AND ADELMAN Sodium Channel Conductance Changes detailed balance is obeyed and, for simplicity, that there is a single open configuration. Fig. 8 shows hypothetical potential energy profiles representing barriers to molecular rearrangements associated with the activation gating process of Eq. 7 for two membrane potentials, at least one of which is in the gating range. If, upon depolarization, the final barrier between C3 and 0 relaxes to a smaller height on an independent time scale, the steady state probability distribution among the states C1 and 0 will remain unchanged for a given voltage (i.e., m,(E) remains unchanged). This follows because the activation energy contained in both the forward and backward rate constants across a given barrier changes by the same amount, 6GC, leaving the zero probability flux of the steady-state distribution, RTk (8) unchanged in the absence of an external field change. Because 6GC enters exponentially, a two orders of magnitude increase in the rate constants is equivalent to a barrier reduction by a factor of 4.6. With a lower barrier, a voltage step will cause a more rapid redistribution between states C3 and 0, resulting in the rapid conductance shifts. Such a shift will occur only if the voltage step overlaps at least partially the gating range, because only in that range is the overall profile of the potential barriers (Fig. 8) responsive to a voltage change.
The barrier reduction would be the result of an additional but concurrent molecular process that, in simplest terms, is given by A .
. .
An-I =An
where Aj represents conformational states corresponding to different barrier heights between C3 and 0 in Fig. 8 . The sigmoidal nature of the curves in Figs. 3, 4, 6, and 7 implies that at least three states A are involved. Values of at least some of the rate constants of this process must clearly be voltage dependent, and on the basis of the data presented herein, they must be in the range of 0.1 to 1.0 ms-'. In this model, then, "gating currents" are due (at least in part) to molecular rearrangements associated with the change in barrier height. Such a parallel process will have its own voltage range of variation that may partly overlap, but generally not coincide with the gating range as defined above. This, and possibly similar processes affecting the rate constants among closed channel conformations may be responsible for the gating currents at hyperpolarized potentials (for example, see Bezanilla and Taylor, 1978) in a region where little or no sodium conductance change is observed.
The conformation change associated with the conductance step would also contribute to the gating current; because it is a voltage-dependent step it cannot be an electrically silent step. These gating currents are likely to be among the earliest components of the current records whose rising phase too is so rapid that it may be temporally unresolved (cf. French and Horn, 1983, p. 328) .
Molecular processes of the type represented by Eq. 9 may be operative in at least two other phenomena: (a) The so-called Cole-Moore effect (Cole and Moore, 1960) may involve a molecular rearrangement that increases the height of the barrier between C, and C2 of a scheme similar to Eq. 7 and applied to potassium-channel as well as sodium-channel gating (e.g., Keynes and Rojas, 1976) with hyperpolarizing prepotentials. Transitions C, C2 are then markedly slowed upon depolarization until the barrier is again reduced with some delay following depolarization. The voltage-dependent kinetics of this hypothetical process are primarily restricted to the hyperpolarized region and may contribute to the gating currents at hyperpolarized potentials. (b) Current records of single channels often show brief interruptions of the open state. This "bursting" appears to be more pronounced in the K-channel records of Conti and Neher (1980) than in the Na-channel records of Sigworth and Neher (1980) . The source of this bursting may, of course, lie in random constrictions of the ion channel that has no connection with voltage gating. However, if voltage gating is involved, then at least some of the rate constants connecting the open with its nearest closed state conformations must be relatively large (cf. Conti and Neher, Eq. 2). If one assumes that the potential barrier connecting these two states is reduced only after a delay of some milliseconds following depolarization, one might expect the bursting phenomenon under steady-state conditions such a those of the K-channel recordings. Bursting would be somewhat suppressed in the Na-channel records because the channel would be substantially inactivated before its onset.
